Few studies investigate the major protein antigens targeted by the antibody diversity of infected mice with Trypanosoma cruzi. To detect global IgG antibody specificities, sera from infected mice were immunoblotted against whole T. cruzi extracts. By proteomic analysis, we were able to identify the most immunogenic T. cruzi proteins. We identified three major antigens as pyruvate phosphate dikinase, Hsp-85, and β-tubulin. The major protein band recognized by host IgG was T. cruzi β-tubulin. The T. cruzi β-tubulin gene was cloned, expressed in E. coli, and recombinant T. cruzi β-tubulin was obtained. Infection increased IgG reactivity against recombinant T. cruzi β-tubulin. A single immunization of mice with recombinant T. cruzi β-tubulin increased specific IgG reactivity and induced protection against T. cruzi infection. These results indicate that repertoire analysis is a valid approach to identify antigens for vaccines against Chagas disease.
targeted by the host antibody diversity in the course of infection. Antibody diversity can be analyzed by an immunoblot technique which detects global antibody reactivity against whole protein extracts (13). This method detects autoantibodies produced in autoimmune diseases (14, 15) and identifies repertoire changes linked to resistance against T. cruzi infection (16) . Microtubules are cytoskeletal structures composed of α/β tubulin heterodimers that are found in eukaryotic cells and are abundant in trypanosomatid parasites from the order Kinetoplastide (17) . These structures have important functions in cell division, maintenance of cellular morphology, motility, intracellular transport, and signal transduction (18) . In trypanosomes microtubules have two α-tubulin isoforms and one β-tubulin isoform (19) and are found underneath the plasma membrane (the subpellicular microtubules), in the flagellum, and as a component of mitotic spindle apparatus (20) . The microtubules function as a perfect target for many compounds with trypanocidal activity, blocking tubulin activity (21) . Therefore, a microtubule component is a suitable target to be considered as an effective vaccine candidate to protect from trypanosome infections (22, 23) . It was previously shown that mice vaccinated with native tubulin purified from Trypanosoma brucei were protected against T. brucei, Trypanosoma congolense, and Trypanosoma rhodesiense infection (22) . Previous report showed that mice vaccinated with the microtubule-associated protein (MAP) p52 of T. brucei, together with aldolase, GAPDH, and MAP p15, were protected after challenge with a homologous infection (24) . Furthermore, rabbit antibodies to tubulin-rich fractions from T. brucei inhibit the growth of trypanosomes in culture (25) .
Given the paucity of information regarding the subject, this work addresses the identification of prominent T. cruzi antigens targeted by IgG antibodies during infection. Here, we describe that acute and chronic infection of BALB/c mice induced limited changes in the antibody diversity. Using a proteomic approach, we identified T. cruzi β-tubulin (TcβTUB) as one of the major antigens targeted by antibodies. The T. cruzi β-tubulin gene was isolated, cloned, and expressed. Recombinant TcβTUB was recognized by sera from infected mice, and immunization of naïve mice with a single dose of recombinant TcβTUB induced protection against infection. These results indicate the importance of selecting candidate vaccines antigens from analysis of unbiased Ab reactivities from infected mice.
MaTerials anD MeThODs

Mice, Parasite, and infection
Male wild-type (WT) BALB/c and Fas-L mutant BALB/c.gld (gld) mice aging 6-8 weeks, weighing 25-30 g were from the Oswaldo Cruz Institute Animal Care facility, Rio de Janeiro. BALB.gld mice (26) were produced at the National Institutes of Health, Bethesda, MD, USA by serially backcrossing the gld gene onto a BALB/c background for 15 generations.
All mouse studies followed the guidelines set by the National Institutes of Health, United States. The study was approved by the Research Ethics Committee of Federal University of Rio de Janeiro (protocol 062/14). Protocols for animal were approved by the Institutional Ethical Committees in accordance with international guidelines. All animal experimentation was performed in accordance with the terms of the Brazilian guidelines for the animal welfare regulations.
Mice were infected with intraperitoneal injection (i.p.) with 10 5 chemically induced metacyclic forms of T. cruzi clone Dm28c (17, 18) . Chemically induced and insect-derived metacyclic forms induce a similar infection as demonstrated previously (18) . Acute infection was evaluated after 23-33 days of infection, while chronic infection was evaluated after 150 days.
recombinant T. cruzi β-Tubulin
Genomic DNA was extracted from T. cruzi Dm28c epimastigotes (1 × 10 8 ; Rapidprep isolation kit, Pharmacia) and used as template for amplification of T. cruzi β-tubulin gene (19) by touchdown PCR (27) . Touchdown PCR was carried out in 50 µL of 20 mM Tris-HCl (pH 8.8), 2 mM MgSO4, 10 mM KCl, 10 mM (NH4)2SO4, 0.1% (v/v) Triton X-100, 0.1 mg/mL nuclease-free BSA, 100 ng DNA, 0.5 mM dNTPs, 0.4 µM of primers TcβTubF (5′-ATCATATGCGTGAGATTGTGTGCG) and TcβTubR (5′-ATGAATTCTTAGTACTGCTCCTCCTC), and a mixture of 2.0 U Pfu (Fermentas) and 0.25 U Taq (Biotools) DNA polymerases. The resulting 1,342 bp fragment was cloned into pTZ57R/T (Fermentas), sequenced and sub-cloned, yielding pET-28a-TcβTUB expression plasmid. pET-28a-TcβTUB was introduced into BL21 (DE3) E. coli strain, and transfectants were induced with 0.5 mM isopropyl 1-thio-β-d-galactopyranoside (Invitrogen, USA) for 18 h at 20°C. Cells were suspended in 300 µg/ mL lysozyme (Sigma) in 50 mM Tris-HCl (pH 7.5), 200 mM NaCl, 5% (w/v) glycerol, 1 mM DTT, and protease inhibitor mix (Sigma), and left 30 min on ice. After addition of 10 U DNAse I (Fermentas) and 5 mM MgCl2, the suspension was incubated for 30 min on ice and lysed by sonication. The lysate was centrifuged at 30,900 g for 40 min at 4°C, and SDS-PAGE indicated the presence of recombinant T. cruzi β-tubulin (TcβTUB). The pellet was solubilized in 2% Triton X-100, 2 M Urea, 100 mM Tris-HCl (pH 7.5), 5 mM Na2EDTA, 5 mM DTT, 5 mM imidazole, and protease inhibitor mix. The supernatant containing TcβTUB was applied onto a His-Trap HP (GE Healthcare) column pre-equilibrated with 2 M Urea, 100 mM Tris-HCl (pH 7.5), 0.5 M NaCl containing 5 mM imidazole (wash buffer). Recombinant TcβTUB was eluted with wash buffer containing 0.25 M imidazole, analyzed for purity on SDS-PAGE, and quantified by the method of Bradford (28) using BSA as standard.
elisa
For determination of serum IgG, microplates (Greiner BiOne) were coated with 2 µg/mL goat anti-mouse IgG (Southern Biotechnology) for 16 h at 4°C. Concentrations were calculated based on standard curves generated with purified mouse IgG (Southern). In addition, microplates were coated with dsDNA from calf thymus, histone from calf thymus, myosin from rabbit heart, KLH (5 µg/mL; all from Sigma), or T. cruzi antigen diluted at 1:1,000. T. cruzi antigen was obtained by lysing epimastigotes in buffer containing 200 mM Tris, 400 mM NaCl, 40 mM EDTA, 20 mM iodoacetamide, and 1 mM PMSF. ELISA tests for IgG against recombinant TcβTUB (0.5 µg/mL) were performed. Plates were blocked with PBS-1% gelatin (Vetec, Brazil) for 1 h and washed with PBS containing 0.05% Tween-20. Sera were kept at −20°C until use. Data show the results with 1:100 serum dilution. Binding was determined following incubation with alkaline phosphatase-conjugated goat anti-mouse IgG (Southern). Reaction was developed with PnPP substrate (Southern) diluted in Tris-MgCl2 buffer. Absorbance was read at 405 nm.
immunoblots
For antibody repertoire analysis, mouse hearts were lysed in extraction buffer (2% SDS, 5% 2-mercaptoethanol, and 62.5 mM Tris, pH 6.8) on ice, without protease inhibitors, at a proportion of 1 g/10 mL buffer. T. cruzi epimastigotes (clone Dm28c) were lysed in 10 mL extraction buffer (5 × 10 6 /mL). Extracts were sonicated for 10 min, boiled for 10 min, centrifuged at 1,000 g, and then at 10,000 g. Supernatants were stored at −20°C. IgG reactivities against heart and T. cruzi polypeptides were identified by a modified immunoblot technique (13) . Briefly, extracts (600 µg/mL) were subjected to SDS-PAGE, and proteins were transferred to nitrocellulose. Membranes were blocked for 18 h with PBS-0.2% Tween-20 at RT and incubated for 4 h with sera adjusted for 100 µg/mL IgG concentration, using the Cassette Miniblot System (Immunetics, Cambridge, MA, USA). Alkaline phosphatase-conjugated secondary goat anti-mouse IgG antibody (Southern) was added for 90 min. After washing, immunoreactivities were revealed with nitroblue-tetrazolium/ bromo-chloro-indolyl-phosphate (NBT/BCIP; Promega) and analyzed by densitometry. Blotted proteins were stained with colloidal gold (Bio-Rad) and subjected to a second densitometry. The immunoblot and protein scans were superimposed and rescaled to correct migration irregularities. Adjusted profiles were divided into sections representing an IgG reactivity. Section reactivities were quantified as the average optical density expressed as peak values and subjected to multiparametric statistical analysis (13) . Data analysis was performed on an iMac computer using the Igor software (WaveMetrics, Lake Oswego, OR, USA) (13, 16) . The statistical test employed comparison between curves, rather than individual bands. Densitometric profiles represent the mean of 5-8 individual sera. Immunoblots against recombinant TcβTUB were performed with either anti-mouse β-tubulin III monoclonal antibody 5G8 (Promega) or anti-β-tubulin rabbit monoclonal antibody 9F3 (Cell Signaling). Anti-α-tubulin monoclonal antibody B-5-1-2 (29) was used as control. Mouse brain extract (MBE) (25 µg protein/lane) was used as source of mouse tubulin (30) . Blots were incubated with 1:10,000 Alexa-680-labeled antimouse IgG (Invitrogen) or IRDye-800-labeled anti-rabbit IgG (Li-Cor), diluted in TBS with 3% BSA for 1 h at RT. Fluorescence was imaged using an Odyssey ® infrared scanner (LI-COR Inc.). Blots were scanned and processed using Adobe Photoshop CS and Image J 1.43m software.
Mass spectrometry
Trypanosoma cruzi extracts were subjected to SDS-PAGE in parallel mirror lanes. One lane was blotted and reacted with serum to identify the major bands. Following precise location, the mirror lane was excised in the gel. Excision and processing of protein spots were performed as previously described (31) . Digestions were done with sequencing grade porcine trypsin (Promega, Madison, WI, USA) at 37°C for 16 h. Tryptic peptides (0.5 mL) were mixed with a saturated solution of CHCA matrix in 50% ACN, 1% TFA (0.5 mL), spotted onto an MALDI sample plate, and allowed to crystallize at room temperature. MALDI/ TOF-TOF peptide sequencing, operated in reflectron-delayed extraction mode with high resolution for the 800-4,000 Da range, was performed by precursor ion fragmentation, using N2 gas in the collision cell at 2.8 × 10 −6 torr, in a 4700 Explorer Proteomics Analyzer (Applied Biosystems). Protein identification was carried out against the NCBI database using the MASCOT software (www.matrixscience.com) and the following parameters: cys-carbamidomethylation as fixed modification; methionine oxidation as variable modification; one missing trypsin cleavage, monoisotopic masses, peptide, and ion tolerances at 0.2 Da. Under these conditions, a probability based score 81 was considered significant (p < 0.05). The other criteria for identification were a minimum of 20% of protein coverage and four peptides with hits in the database (for PMF data) or two peptide sequence tags (for MS/MS).
immunization assays
BALB/c mice were injected with PBS, BSA, or recombinant TcβTUB (both 20 µg/animal) emulsified in Complete Freund Adjuvant (CFA, Thermo Scientific) in the hind footpads. After 14 days, mice were infected with 10 5 metacyclic trypomastigotes as above. Parasitemia was evaluated by tail vein puncture; viable parasites were counted in a Neubauer chamber. Mice were sacrificed at day 32 of infection, and individual spleens were weighted. Individual sera were collected and analyzed by western blotting for reactivity against T. cruzi and mouse tubulins.
statistical analysis
Data were analyzed by Student's t-test for independent samples and ANOVA test, using SigmaPlot™ for Windows. Data from parasitemia were normalized by log transformation before statistical testing. Data from densitometric analysis were analyzed by Mann-Whitney test, using Graph Pad InStat 3.01 for Windows. Differences with a p value < 0.05 or lower were considered significant.
resUlTs antibody reactivities against exogenous and autologous antigens in T. cruzi infection
We infected BALB/c mice with chemically induced metacyclic forms of T. cruzi clone Dm28c (17, 18) . Chemically induced and insect-derived metacyclic forms induce a similar infection (18) . Acute and chronic infection with T. cruzi increased the concentrations of serum IgG (data not shown). We measured IgG reactivities against a panel of exogenous and autologous antigens (T. cruzi, KLH, myosin, dsDNA, and histone) by ELISA in the sera of control and infected mice. Only IgG reactivities against T. cruzi antigens increased after acute ( Figure 1A , left) or chronic infection (Figure 1B, left) . As a positive control for autoreactivity, we used sera from lupus-prone gld mice for comparison ( Figures 1A,B, right) . Our results show that a highly focused Ab response against T. cruzi antigens, and not autoreactivity, is the final outcome following infection.
global analysis of igg reactivities against T. cruzi and cardiac Polypeptides
We analyzed global IgG antibody reactivities with a semiquantitative immunoblot technique against T. cruzi epimastigote extracts (13) (14) (15) (16) . Western blots of individual sera from chronic infection showed that IgG reactivities were directed to a restricted set of antigens (Figure 2A, right) . The strongest reactivity was directed to a 50-55 kDa band, which was detected with sera from all infected mice (Figure 2A) . This reactivity colocalized with the most abundant band present on Coomassie blue-stained gels of T. cruzi extracts (Figure 2B , left). We quantified the immunoblots from all animals at both acute and chronic infection and showed the average optical density profiles of the IgG reactivities against T. cruzi proteins ( Figures 3A,B, left) . Global IgG reactivity against T. cruzi was focused on a few bands of the parasite extract ( Figures 3A,B , left). The most prominent antibody reactivity against T. cruzi was represented by a band located at positions 600 and 800 in the blots of acute and chronic stages, respectively, depending on conditions of the electrophoresis assay (arrows on Figures 3A,B, left) . Reacting T. cruzi extract with a mixture of acute and chronic sera on the same membrane yielded a single band, suggesting that it was the same reactivity (not shown). Acutely infected gld mice gave the same prominent IgG reactivity ( Figure S1 in Supplementary Material). In addition, experiments with trypomastigote enriched extracts indicated the presence of an intense 50-55 kDa IgG reactivity (data not shown). Infection with T. cruzi results in myocarditis (18) . We therefore analyzed IgG antibody reactivities against autologous heart polypeptides (13-16). Global IgG reactivity against cardiac polypeptides was not significantly increased following acute or chronic infection with T. cruzi ( Figures 3A,B, right) . cruzi (left) and autologous heart polypeptides (right). Individual serum IgG concentrations were adjusted to 100 µg/mL. Arrow indicates the most prominent band of reactivity observed in the sera of acutely and chronically infected mice. Densitometric profiles represent the mean of 5-8 individual sera (see Materials and Methods) (**p < 0.01; ***p < 0.001). Immunoblots against heart polypeptides did not show significant differences. Data are representative of at least three independent experiments with five to eight mice per group. (c) A representative immunoblot of chronic serum against T. cruzi extract. Arrows indicate the three major T. cruzi protein bands, which were identified by mass spectrometry analysis as pyruvate phosphate dikinase (100 kDa), Hsp-85 (85 kDa), and β-tubulin (55 kDa). We could not identify the small-molecular weight band that also displayed a pronounced peak. 
identification of T. cruzi β-Tubulin as a Major antigenic Target for antibodies in infection
To identify the 50-55 kDa band reacting with sera from infection, the band was located in the gel with the help of the blot of a mirror lane, excised and subjected to mass spectrometry analysis. As shown in Table 1 and Figure 3C , the 50-55 kDa band was identified as T. cruzi β-tubulin (TcβTUB). We also identified two additional major T. cruzi antigens targeted by antibodies. The 100 kDa band was identified as pyruvate phosphate dikinase, and the 85 kDa band was identified as Hsp-85 ( Figure 3C and data not shown).
The β-tubulin coding region (19) was PCR amplified from T. cruzi Dm28c genomic DNA. The resulting fragment was cloned, sequenced and sub-cloned into pET-28a-TcβTUB expression plasmid. Recombinant TcβTUB was expressed and purified ( Figure S2 in Supplementary Material). Following reaction with anti-β-tubulin monoclonal antibody, recombinant TcβTUB gave a single band compatible with the major band expressed in T. cruzi extracts (Figure 2B right) . Analysis by ELISA confirmed that chronic infection with T. cruzi increased the production of IgG reactive with TcβTUB (Figure 4) .
immunization With T. cruzi β-Tubulin induced Protection against infection
Naïve BALB/c mice were immunized with a single dose of recombinant TcβTUB in CFA and challenged with T. cruzi after 2 weeks. Control groups were immunized with PBS/CFA and BSA/CFA. All mice were sacrificed after 32 days of infection. Parasitemia was markedly reduced in mice immunized with TcβTUB/CFA, compared with control groups (Figure 5A) . Spleen cellularity, which correlates with parasite burden in T. cruzi infection (32), was reduced in mice immunized with TcβTUB/CFA, compared with controls ( Figure 5B ). As expected, mice immunized with TcβTUB/CFA before infection produced higher amounts of antiTcβTUB IgG, compared with controls ( Figure 5C ).
IgG reactivities of control and immunized mice were compared by western blotting against mouse tubulin (MBE), recombinant TcβTUB, and native T. cruzi tubulin (Figure 6) . IgG from mice immunized with BSA/CFA before infection reacted with mouse tubulin, TcβTUB and reacted weakly with native T. cruzi tubulin ( Figure 6A) . IgG from mice immunized with TcβTUB/CFA before infection reacted to TcβTUB and to native T. cruzi tubulin ( Figure 6B ). In addition, IgG from TcβTUB/CFA group showed increased reactivity to mouse tubulin ( Figure 6B ). These differences were confirmed by densitometric analysis and are shown in Figure 6E . Blots with monoclonal antibodies indicated the contents of α-and β-tubulin in mouse brain and T. cruzi extracts, confirmed that the recombinant antigen was β-tubulin, and identified the expected 2 kDa molecular weight shift due to an additional histidine tail in recombinant TcβTUB (Figures 6C,D) . Taken together, our data on repertoire analysis indicated that TcβTUB is an immunodominant antigen in T. cruzi infection and that previous immunization with TcβTUB elicited a protective host immune response against infection.
DiscUssiOn
Several proteins purified from T. cruzi induce protective immune responses. However, few studies identify the major protein antigens targeted by the antibody response of infected hosts. Here we investigated global changes in the antibody diversity of infected mice with T. cruzi. We employed a non-biased immunoblot technique against total parasite extracts. Under these selective conditions, the infection induced significant antibody reactivity against a range of T. cruzi antigens, which could be identified by proteomic analysis of the target proteins. We identified the major protein band recognized by IgG as TcβTUB. We cloned and expressed T. cruzi TcβTUB, and demonstrated that a single immunization with recombinant TcβTUB induced protection against T. cruzi infection. Therefore, our results indicated that repertoire analysis is a valid approach to identify new candidate antigens for a vaccine against Chagas disease. Infection with T. cruzi can lead to polyclonal B lymphocyte activation, hypergammaglobulinemia, and production of autoantibodies (33, 34) . We compared parasite-specific versus non-specific antibody reactivities elicited by infection. Since FasLdeficient mice undergo hypergammaglobulinemia, lymphoproliferation, and autoantibody production (35), we also compared antibody production by infected WT-and FasL-deficient gld mice. We used a limited set of exogenous and autologous antigens, and this approach did not reveal any evidence of autoreactivity or polyclonal lymphocyte activation. Our results might also reflect the use of Dm28c isolate, as parasite genetic diversity can influence the profile of immunoglobulins produced (36) . On the other hand, age-matched FasL-deficient mice showed high levels of natural antibodies against T. cruzi and dsDNA, which did not increase following acute infection. Therefore, lymphocyte activation elicited by T. cruzi is weaker than that induced by the gld mutation. Chronic infection of gld mice increased the production of antibodies against T. cruzi, dsDNA and histone. The reason for increased responses to nuclear autoantigens is unknown but could be related to increased lymphoproliferation precipitated by T. cruzi infection. Production of antibodies against nuclear autoantigens correlates with increased apoptosis (37) . Infection with T. cruzi exacerbates lymphocyte apoptosis (38, 39) , which is partially dependent on the Fas/FasL death pathway (40) (41) (42) (43) , but apoptosis is also increased in gld mice (40) .
Studies with purified T. cruzi proteins amplify the ability of antibodies to detect antigen by employing recombinant antigens or serum from immunized hosts (44) . Instead, our approach employed immunoblots of whole T. cruzi extracts to detect antibody diversity of animals infected with T. cruzi. In this way, we identified by proteomic analysis the most immunogenic T. cruzi proteins serving as targets for the antibody response. A very limited number of protein bands reacted with the sera. The most prominent reactivity was a 50-55 kDa band which colocalized with the most abundant protein band of the T. cruzi extract. This band was excised, digested, analyzed by mass spectrometry, and identified as TcβTUB. All sera from infected mice reacted strongly with TcβTUB. In addition, in spite of already detectable immunological abnormalities, all sera from acutely infected gld mice reacted strongly with TcβTUB. These results suggest a robust response. Two additional bands recognized by host IgG antibodies were identified as T. cruzi pyruvate phosphate dikinase (100 kDa) and T. cruzi Hsp-85 (85 kDa).
We investigated IgG reactivity against autologous heart extracts. Global IgG antibody reactivity against heart polypeptides did not differ between control and infected sera. We detected increased or induced IgM reactivities against a set of cardiac polypeptides were following infection (data not shown). These cardiac polypeptides deserve further characterization.
To investigate the immunogenicity of TcβTUB, we cloned the β-tubulin gene from T. cruzi Dm28c genomic DNA and expressed recombinant TcβTUB in E. coli. Recombinant TcβTUB reacted with monoclonal antibodies against β-tubulin, but not α-tubulin. IgG reactivity against recombinant TcβTUB. Mice immunized with TcβTUB before infection also gave increased reactivity against parasite and mouse tubulins. Although T. cruzi tubulin reacts with antibodies during infection, to our knowledge it has not been tested previously as an immunogen. Interestingly, immunizations of mice with native T. brucei tubulin or recombinant Trypanosoma evansi beta-tubulin confer broad spectrum protection against infection by African trypanosomes (22, 23, 25) . Humoral and cellular mechanisms leading to immunoprotection following immunization with TcβTUB are unknown. TcβTUB is expressed both intracellularly and at the surface of live parasites (45) . The majority of monoclonal antibodies reacting against the membrane of live T. cruzi parasites recognize a 50/55 kDa antigen related to tubulin (46) . In addition, antibodies reactive against parasite tubulin crossreact with host tubulin (47) . Infection with T. cruzi increases the amount and the affinity of naturally occurring antibodies against autologous tubulin and induces novel specificities against tubulin fragments (48, 49) . We found slightly increased reactivity against mouse tubulin in the serum of mice immunized with TcβTUB. Additional studies are required to determine whether increased humoral reactivity against autologous tubulin plays any deleterious effect in the host. Taken together, our results indicate that non-biased identification of immunodominant parasite antigens through analysis of antibody diversity of infected hosts is a valid approach to identify candidate antigens for vaccines against Chagas disease. 
